ABSTRACT: Structural rigidity has been found to be advantageous for molecules if they are to find applications in functioning molecular devices. In the search for an understanding of the relationship between the rigidity and complex stability in mechanically interlocked compounds, the binding abilities of two π-electron-rich model compounds (2 and 4), where rigidity is introduced in the form of phenylacetylene units, toward the π-electron deficient tetracationic cyclophane, cyclobis(paraquat-p-phenylene) (CBPQT
Introduction
Certain π-electron-rich ring systems, such as 1,5-disubstituted dioxynaphthalene (DNP) 1 or 1,4-disubstituted dioxybenzene (HQ), 2 are readily encircled by the π-electron deficient tetracationic cyclophane, cyclobis(paraquat-p-phenylene) (CB-PQT 4+ ). 3 These donor-acceptor pairs have been employed widely as components of mechanically interlocked molecules (MIMs), rotaxanes and catenanes, which have in turn found applications in functioning molecular devices. 4 Addition of the oligo(ethyleneglycol) chains to the DNP and HQ-containing dumbbell-shaped components enhances their binding affinity toward the CBPQT 4+ ring because of increased [C-H · · · O] interactions relative to the unsubstituted systems. 1r,5 Introduction of rigidity into these donors, e.g., through the incorporation of ethynylene units, could be advantageous in the design of the functioning molecular devices 4 because it would limit the number of co-conformations that a donor-acceptor couple can adopt in condensed media. Furthermore, structural rigidity has an advantage in switching processes 1q,y with the absence of back-folding 6 to interact with the free recognition sites in bistable systems and resulting in the development of molecular nanotechnology. 7 Previously, we investigated the structure-stability relationship in the complexes containing carbonyl ester groups located along the polyether chains, known as pseudorotaxanes, to reveal that subtle structural changes through varying the location of the carbonyl ester afforded significant differences in the hydrogen bonding interactions, resulting 2i in dramatic changes in the magnitudes of their association constants (K a ). In this paper, we report on the design and synthesis of rigid DNP-and HQcontaining model compounds. We follow with a discussion of their crystal structures that provide an understanding of the structural effects of introduced rigidity, as well as the reflected stability in their complexes with CBPQT 4+ . Density functional theory (DFT) has been a popular computational tool 1o,8 in the designing and understanding of MIMs. We reported 9 recently that the M06-suite of density functionals provides a better description for the structural, optical and binding properties of MIMs and their precursor complexes. Here, we use the same theoretical methodology to help us understand the origin of the decreased binding of interpenetrating rigid model complexes.
Experimental Section
Materials and Methods. All reagents were purchased from Aldrich and used without further purification. Cyclobis(paraquat-p-phenylene)-tetrakis(hexafluorophosphate) (CBPQT · 4PF 6 ) 3 was prepared according to literature procedures. Thin layer chromatography (TLC) was performed on silica gel 60 F254 (E. Merck). The plates were inspected by UV light and, if required, developed in I 2 vapor. Column chromatography was performed on silica gel 60F (Merck 9385, 0.040-0.063 mm). Melting points were recorded on an Electrothermal 9100 instrument in open capillary tubes and are uncorrected. Routine nuclear magnetic resonance (NMR) spectra were recorded at 25°C on a Bruker Avance 500 and 400 spectrometers, with working frequencies of 500 and 400 MHz for 1 H, and 125 and 100 MHz for 13 C nuclei, respectively. Chemical shifts are quoted in ppm on the δ scale and coupling constants (J) are expressed in Hertz (Hz). Samples for 1 H NMR spectroscopic investigations were prepared using solvents purchased from Cambridge Isotope Laboratories. All chemical shifts are reported relative to the residual solvent peak. The full assignment of the 1 H NMR signals was performed using 2D COSY (correlation spectroscopy) and ROESY (rotating-frame Overhauser enhancement spectroscopy) experiments. Matrix-assisted laser-desorption/ionization time-off-light mass spectrometry (MALDI-time-of-flight MS) was performed on an IonSpec 4.7 T Ultima Fourier transform mass spectrometer, utilizing a 2,5-dihydroxybenzoic acid (DHB) matrix. High-resolution electrospray mass spectrometry (HRMS) was performed on an Applied Biosystems Q-STAR Elite Quad-TOF instrument.
1,4-Dibromo-2,5-bis(2-(2-methoxyethoxy)ethoxy)benzene (1). KOH (1.88 g, 33.6 mmol) was dissolved in anhydrous Me 2 SO (20 mL), forming a yellow solution, which was stirred for 10 min and degassed at room temperature. 2,5-Dibromobenzene-1,4-diol (1.00 g, 3.73 mmol) and 1-bromo-2-(2-methoxyethoxy)ethane (2.73 g, 14.9 mmol) were added to the solution, causing a color change to dark brown. After 3 h of stirring, the reaction mixture was poured into ice H 2 O (500 mL), and stirred until it reached room temperature. After extraction with Et 2 O, the solvent was evaporated and the residue was purified by column chromatography (SiO 2 : 50% EtOAc/Hexane) to afford 1 as a white solid (1. 4 g, 79% 118.7, 110.7, 71.7, 70.4, 69.9, 69.2, 57.9. 1,4-Bis(2-(2-methoxyethoxy)ethoxy)-2,5-bis(2-phenylethynyl)benzene (2). Compound 1 (700 mg, 1.48 mmol), phenylacetylene (0. 45 g, 4. 44 mmol), PdCl 2 (PPh 3 ) 2 (40 mg, 0.057 mmol), CuI (100 mg, 0.525 mmol), and PPh 3 (40 mg, 0.153 mmol) were dissolved in NEt 3 (45 mL), causing a color change to dark brown, before the reaction mixture was heated under reflux for 3 days. After extraction with CH 2 Cl 2 , the solvent was evaporated and the residue was purified by column chromatography (SiO 2 : 50% EtOAc/CH 2 Cl 2 ) to afford 2 as a pale yellow solid (300 mg, 39% 4, 128.2, 123.2, 117.3, 114.1, 94.9, 85.6, 82.9, 71.9, 71.0, 69.6, 69.5, 58.9. 2,6-Dibromo-1,5-bis(2-(2-methoxyethoxy)ethoxy)naphthalene (3). KOH (4.76 g, 84.8 mmol) was dissolved in anhydrous Me 2 SO (60 mL), causing a color change to yellow. The reaction mixture was stirred for 10 min and degassed at room temperature. 2,6-Dibromonaphthalene-1,5-diol (3.0 g, 9.44 mmol) and 1-bromo-2-(2-methoxyethoxy)ethane (6.12 g, 33.4 mmol) were added to the solution, causing a color change to dark brown. After 16 h of stirring, the reaction mixture was poured into ice H 2 O (500 mL), and stirred until it reached room temperature. After extraction with EtOAc, the solvent was evaporated and the residue was purified by column chromatography (SiO 2 : 50% EtOAc/Hexane) to afford 3 as a pale yellow solid (2.71 g, 55% 130.8, 130.1, 120.2, 113.3, 73.4, 71.7, 70.3, 69.8, 58 .0.
1,5-Bis(2-(2-methoxyethoxy)ethoxy)-2,6-bis(2-phenylethynyl)naphthalene (4).
Compound 3 (850 mg, 1.63 mmol), phenylacetylene (0.50 g, 4.89 mmol), PdCl 2 (PPh 3 ) 2 (70 mg, 0.098 mmol), CuI (100 mg, 0.525 mmol), and PPh 3 (60 mg, 0.229 mmol) were dissolved in NEt 3 (80 mL), causing a color change to dark brown, before the reaction mixture was heated under reflux for 3 days. After extraction with EtOAc, the solvent was evaporated and the residue was purified by column chromatography (SiO 2 : 30% EtOAc/Hexane) to afford 4 as a pale yellow solid (383 mg, 42% 131.5, 129.8, 129.4, 128.5, 128.4, 123.3, 118.4, 112.9, 95.5, 86.6, 73.5, 72.1, 70.7, 70.6, 59 .2.
Isothermal Titration Microcalorimetry (ITC) Investigation. The calorimetric titrations were performed on an isothermal titration microcalorimeter at the atmospheric pressure and 25°C in MeCN. In each run, a solution of the model compound in a 0.250 mL syringe was sequentially injected with stirring at 300 rpm into a solution of CBPQT · 4PF 6 in the sample cell (1.4 mL volume). Each titration experiment involved 29-59 successive injections. A control experiment was performed to determine the heat of dilution by injecting a solution of the model compound into a solution without the CBPQT · 4PF 6 . The dilution enthalpy was subtracted from the apparent enthalpy obtained in each titration run, and the net reaction enthalpy was analyzed by using the "one set of binding sites" model. The Origin software (Microcal) was employed to determine binding constants (K S ) with the standard derivations simultaneously on the basis of the scatter of data points from a single titration experiment.
Crystallographic Investigation. The data (Tables 1 and 2) were processed using the program SAINT (Bruker Analytical X-Ray Instrument Inc., Madison, WI) to give the structure factors. The structures were solved by direct methods and refined by full-matrix least-squares against |F 2 |. Absorption corrections were based on multiple and symmetry-equivalent reflections in the data sets using the SADABS program (G. M. Sheldrick, Göttingen University, Germany). All nonhydrogen atoms were refined anisotropically. Hydrogen atoms were treated as idealized contributions. Scattering factors and anomalous dispersion coefficients are contained in the SHELXTL 6.12 program library (G. M. Sheldrick, Madison, WI). CCDC-683613 (1), CCDC-677835 (2), CCDC-683614 (3), and CCDC-677836 (4) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Theoretical Investigation. Calculations were performed on all systems using density functional theory (DFT) with the M06-L, M06-HF and M06-L functionals, 10 as implemented in Jaguar 7.0 (release 207). 11 The M06 functional is a new hybrid meta-GGA exchangecorrelation functional that leads to impressive accuracy for a very large validation set of systems, including van der Waals dimers, reactions, and transition metal complexes. Starting with structures from crystallographic data we optimized the geometry using the 6-31+G** basis set with the M06-L functional in the gas phase. Single point energies were calculated using the M06 functional and the 6-311++G** basis set. Solvent corrections were based on single point self-consistent Table 3 . Hydrogen Bonds and C-H · · · π Interaction Geometries (Å, deg) for 1-4
Results and Discussion
Syntheses. The routes to the synthesis of compounds are shown in Scheme 1. 1,4-Dibromo-2,5-bis(2-(2-methoxyethoxy)-ethoxy)benzene (1) has been previously synthesized by Wegner et al. 12 We prepared compound 1, as a precursor to 1,4-bis(2-(2-methoxyethoxy)ethoxy)-2,5-bis(2-phenylethynyl)benzene (2), by reacting 13 2,5-dibromobenzene-1,4-diol and 1-bromo-2-(2-methoxyethoxy)ethane in the presence of KOH/Me 2 SO at 25°C
. 2,6-Dibromo-1,5-bis(2-(2-methoxyethoxy)ethoxy)naphthalene (3), as a precursor to 1,5-bis(2-(2-methoxyethoxy)ethoxy)-2,6-bis(2-phenylethynyl)naphthalene (4), was synthesized by an extension of the synthetic method used to prepare 1, starting with 2,6-dibromonaphthalene-1,5-diol. Compounds 2 and 4 were prepared as model systems for the rigid HQ-and DNPcontaining dumbbell-shaped compounds. Their central HQ and DNP units are substituted with both diethyleneglycol (DEG) chains and rigid phenylene-ethynylene groups. Compounds 2 and 4 were synthesized by carrying out Sonogashira 14 couplings of 1 and 3, respectively, with phenylacetylene. Compounds 1-4 were characterized by NMR spectroscopy and mass spectrometry.
ITC Investigation. Measurements of the binding abilities of CBPQT 4+ toward the different guests were performed by isothermal titration microcalorimetry (ITC) in MeCN at 25°C. The binding constants (K S ) of CBPQT · 4PF 6 with both compounds 2 and 4 were ca. 100 M -1 and 140 M -1 , respectively. The binding constant of 4 with CBPQT · 4PF 6 was slightly higher than that of 2 because the DNP-containing dumbbellshaped molecule has a higher binding ability than the HQcontaining one because of the stronger electron donor effect in DNP. The binding constants were significantly decreased compared with the more flexible dumbbell-shaped analogue molecules with absence of the phenylene-ethynylene, i.e., disubstituted DEG-DNP 3b and DEG-HQ 2i were reported as ca. 7200 and 3800 M Structural Investigations. Crystallographic data and selected bond lengths, angles, and torsion angles for 1-4 are summarized in Tables 1 and 2 , respectively. The hydrogen bonds and [C-H · · · π] interaction geometries for 1-4 are summarized in Table 3 .
Structural Investigation of 1. Colorless block-shaped single crystals of 1, suitable for X-ray crystallography, were obtained by slow evaporation of a CH 2 Cl 2 /hexane solution. Figure 1a shows an ORTEP representation of compound 1 which crystallizes in a monoclinic P2 1 /n unit cell, adopting a centrosymmetric geometry with an inversion center on the HQ unit; the stabilization within and beyond the molecule is achieved by intra-and intermolecular hydrogen bonds, and (Figure 1b-d) , which is shorter than the ranges (3.21-3.34 Å) reported previously. 16 In the packing structure, the continuous intermolecular [C-H · · · O] interactions and the [Br · · · O] contacts allow the zigzag type packed columns ( Figure  1c ) with a dihedral angle 78°between the central HQ planes in neighboring columns.
Structural Investigation of 2. Pale-yellow colored plateshaped single crystals of 2, suitable for X-ray crystallography, were obtained by slow evaporation of CH 2 Cl 2 /hexane/Et 2 O solution. Figure 2a shows an ORTEP representation of compound 2 which crystallizes in a triclinic P1 j unit cell, which has similar bond lengths for its HQ and ethynyl C-C bonds to its unsubstituted analogue 1,4-bis(phenylethynyl)benzene, 17 as well as the disubstituted analogue. 18 Compound 2 adopts a noncentrosymmetric folded and twisted conformations; the stabilization within and beyond the molecule is achieved by intra-and than the analogue molecule 18 (this structure was centrosymmetric with a dihedral angle 20°).
Structural Investigation of 3. Colorless plate-shaped single crystals of 3, suitable for X-ray crystallography, were obtained by slow evaporation of CH 2 Cl 2 /hexane solution. Figure 3a shows an ORTEP representation of compound 3 which crystallizes in a monoclinic P2 1 /c unit cell, adopting a centrosymmetric conformation with an inversion center on the DNP unit, and an S-shaped conformation; the stabilization within and beyond the molecule is achieved by intra-and intermolecular hydrogen bonds, and [C-H · · · π] interactions. Each DEG chain adopts a folded conformation through two gauche arrangements (Figure 3a) between the oxygen atom (O2) and the proton on the DNP carbon (C1A), resulting in significantly shorter total length of 12.5 Å between two termini of methyl carbons (C10, C10A) in DEG chains than that in 1 (18.1 Å). The packing structure (Figure 3b (Figure 3b-a) connect each columns to afford the zigzag type packed columns (Figure 3c ) with a dihedral angle 84°between the central DNP planes in neighboring columns, a value that is slightly larger than that in 1, between the DNP planes in neighboring columns. and superstructures for 2⊂CBPQT 4+ and 4⊂CBPQT 4+ were calculated at the M06/6-311++G**//M06-L/6-31+G** level of theory. This method predicts a binding of -27.7 kcal mol , respectively. This overestimate is in agreement with our recent report 9 in which we showed that the binding predictions for a similar rigid pseudorotaxane with the same functional and basis set (M06/ 6-311++G**) were ∼22 kcal mol -1 stronger than experiment. To understand the significantly decreased stabilities of these complexes toward rigid guest molecules, relative to more flexible systems, we minimized the superstructure (Figure 5b ) of disubstituted DEG-DNP with CBPQT 4+ . Because there is no appreciable change in the relative positioning of the DNP unit with respect to CBPQT 4+ in comparison with the much stronger disubstituted DEG-DNP complex (structures b and c in Figure  5 ), it is unlikely that the weaker binding is caused by steric factors, but rather by electronic effects.
To evaluate the electronic effects that the phenylene-ethynylene group has on the superstructures, we calculated the electrostatic potential and highest-occupied molecular orbital (HOMO) using the M06-HF functional. We observe from the electrostatic potential van der Waals surface (Figure 6a ) that the naphthyl moiety on the disubstituted DEG-DNP is more negatively charged (shaded yellow) than in the case of 4 (shaded green). The partial negative charge of 4 is localized over the acetylenic groups (shaded orange), whereas the protons that are responsible for [C-H · · · π] interactions are colored in blue (partially positive). By contrast, the stronger disubstituted DEG-DNP complex shows orange shading over the naphthyl ring and green shading on the 3, 4, 7, and 8 protons that play a crucial role in the binding. In addition, the HOMO (Figure 6b ) of 4 is delocalized over the extended aromatic system and at 0.1 eV lower in energy, hence reducing the interaction with the high lying unoccupied orbitals on CBPQT 4+ .
Conclusions
The crystal superstructures of the rigid HQ-and DNP-based model compounds 2 and 4, which incorporate phenylacetylene units, and their binding behavior with the π-electron deficient tetracationic cyclophane, CBPQT · 4PF 6 , were investigated in order to understand the relationship between the rigidity and complex stabilities in their complexes. Increased rigidity in the compounds 2 and 4 reflected directly into their complexation stabilities with CBPQT · 4PF 6 . The binding abilities of both compounds 2 and 4 with CBPQT · 4PF 6 are significantly decreased compared with those with the more flexible disubstituted DEG chain-containing dumbbell-shaped compounds. and these model compounds. Density functional theory with the newly developed M06-suite of density functionals has been used to show that the reduced binding of donor-acceptor complexes with rigidity in both the guest and the host is a consequence of the electronic (and not steric) factors that the phenylacetylene units impose upon the DNP ring system. Our theoretical investigations suggest that rigid groups that are not conjugated will exhibit increased binding by CBPQT 4+ , similar to that experienced by DNP ring systems carrying flexible groups.
